The effects of exposure to low temperature on photosynthesis and protein phosphorylation in chilling-sensitive and cold-tolerant plant species were compared. Chilling temperatures resulted in light-dependent loss of photosynthetic electron transport in chilling-sensitive rice (Oryza sativa L.) but not in cold-tolerant barley (Hordeum vulgare L. LHCII (9). Phosphorylation is achieved through the lightstimulated activity of one or more thylakoid membrane-bound kinases (7) and can be reversed via a membrane-bound phosphoprotein phosphatase (8). Light stimulation of protein kinase activity is thought to be the result of kinase activation via reduction of the plastoquinone pool (1). The relative degree of LHCII phosphorylation is thought to physically mediate the interaction between PSII and LHCII (5) and thus regulate the balance of excitation energy arriving at the two reaction centers, providing a mechanism that controls the relative turnover of the two photosystems. In this study we have investigated the possibility that the effects of chilling on regulatory phenomena, and on protein phosphorylation in particular, are responsible for the sensitivity of rice to chilling temperatures.
between rice and barley. Analysis of in vivo chlorophyll fluorescence in chilling-sensitive rice suggests that low temperatures cause an increased reduction of the plastoquinone pool that could result in photoinhibitory damage to the photosystem II reaction centers. Analysis of 32P incorporation into thylakoid proteins both in vivo and in vitro demonstrated that chilling temperature inhibited protein phosphorylation in rice, but not in barley. Low temperature (77 K) fluorescence analysis of isolated thylakoid membranes indicated that state I to state II transitions occurred in barley, but not in rice subjected to chilling temperatures. These observations suggest that protein phosphorylation may play an important role in protection against photoinhibition caused by exposure to chilling temperatures.
Stress conditions, such as high light intensity, chilling temperatures, or limiting CO2 concentrations, result in light-dependent inactivation of photosynthetic electron trafisport. This phenomenon, termed photoinhibition, preferentially affects chloroplast membrane-bound PSII electron transport (24) . Inactivation of the reaction center (10, 24) , and turnover of the QB protein' (2, 14) have each been suggested to be a primary site of photoinhibitory damage under stress conditions. Photoinhibition at low temperatures (0-1 5C) is well documented in a number of coldintolerant crop species (22) and, in rice (13) and maize (3, 16) , results in a loss ofphotosynthetic capacity that persists for several days. Photoinhibitory damage to PSII under stress conditions has been related to excess light energy arriving at PSII (23 (9) . Phosphorylation is achieved through the lightstimulated activity of one or more thylakoid membrane-bound kinases (7) and can be reversed via a membrane-bound phosphoprotein phosphatase (8) SDS-PAGE and Autoradiography. SDS-PAGE of thylakoid proteins was carried out as previously described (26) using 10 to 17% (w/v) polyacrylamide gradient gels and the buffer system of Laemmli (15) . Gels were stained and destained as described (26) , dried, and exposed to Kodak XAR-5 x-ray film with one intensifying screen at -80°C. RESULTS (Fig. 2) . Steady state fluorescence increased as temperature decreased. The greatest temperature-dependent fluorescence increase was in rice, although other influences on the regulation of electron transport, such as pH gradient formation or Mg2' ion movement, may also contribute to this sensitivity. If LHCII phosphorylation is inhibited by chilling temperatures, the required regulation of excitation energy distribution between PSI and PSII will not occur. There will be capacity for electron transport through PSII in excess of the rate of electron transport, and consequently there will be increased reduction of the plastoquinone pool; the resulting unavailability of electron carriers on the reducing side of PSII may result in an increase in the rate of light-induced damage to PSII via effects on the 32 kD QB protein as suggested by Kyle et al. (14) or damage to the reaction center itself (10, 24) . The precise nature of the damage sight(s) in cold-sensitive rice is not understood. It is clear that the kinetics of recovery from photoinhibition in cold-stressed rice plants is long compared to plants inhibited at high light (10, 24) , suggesting either a different site or multiple sites for photoinhibitory damage. Alternatively chilling temperatures may have direct effects on either protein turnover or protein synthesis. These aspects-of chilling sensitivity in rice are currently being investigated.
